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Abstract 

Compression  seals  based  on  metal/mica  composites  were  investigated  under  solid  oxide  fuel  cell  (SOFC)  operating  conditions.  Since  a 
compressive  force  has  to  be  permanently  applied  in  this  sealing  concept,  the  mechanical  properties  of  the  sealing  materials  and  the  SOFC 
components  also  became  important  for  maintaining  gas  tightness.  Leakage  tests  with  a  sandwich  arrangement  of  mica  paper  and  embossed 
metallic  profiles  show  leak  rates  of  <1  x  10~4  mbar  1/mm  s  under  an  applied  normalized  compressive  load  of  2.7  N/mm  (0.7  MPa).  Also  under 
thermal  cycles  between  ambient  temperature  and  800  °C  this  leak  rate  does  not  change  due  to  the  elastic  response  of  the  seal.  Compression 
tests  with  the  seals  in  contact  with  SOFC  membranes  reveal  no  damage  to  the  membranes.  First  results  of  leakage  tests  with  SOFC  stacks  are 
presented,  which  may  serve  as  a  reference  for  future  leakage  tests  of  alternative  sealing  systems. 
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1.  Introduction 

Stacks  of  planar  solid  oxide  fuel  cells  (SOFC)  are  be¬ 
lieved  to  offer  the  potential  for  higher  cost  efficiency  and 
power  density  per  unit  volume  when  compared  to,  for  exam¬ 
ple  tubular  designs.  However,  the  high-temperature  sealing 
concept  in  planar  design  is  one  of  the  crucial  challenges  of 
this  power  conversion  technology.  The  occurrence  of  leakage 
during  long-term  operation  of  a  stack  may  contribute  to  the 
degradation  of  the  electrical  stack  performance.  In  particu¬ 
lar,  local  sealing  failure  must  be  strictly  prevented  because 
the  severe  exothermal  reaction  between  fuel  and  oxidant  sig¬ 
nificantly  increases  the  temperature.  As  an  extreme,  the  so- 
called  hot  spots  can  cause  a  catastrophic  loss  of  electrical 
performance  during  stack  operation. 

Seals  in  SOFC  stacks  have  to  fulfil  a  variety  of  require¬ 
ments.  Primarily,  long-term  stable  separation  of  oxidant  and 
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fuel  gases,  even  under  thermal  cycling  operation,  has  to  be 
achieved.  Thermochemical  and  thermomechanical  compati¬ 
bility  with  the  adjacent  SOFC  components  should  be  realized. 
The  sealing  materials  should  not  affect  or  deteriorate  the  brit¬ 
tle  electrolyte  (8  mol.%  yttria-stabilized  zirconia  8YSZ)  and 
the  interconnect  steel  (chromium  alloyed  ferritic  steel).  Fur¬ 
thermore,  electric  insulation  is  required  to  avoid  a  short  circuit 
when  joining  the  interconnects.  Depending  on  the  design,  ge¬ 
ometrical  limitation  of  the  sealing  components,  e.g.  corners 
and  junctions,  have  to  be  taken  into  account.  Adequate  seal¬ 
ing  should  also  sufficiently  compensate  the  mechanical  and 
thermal  mismatch  of  the  stack  components.  In  the  case  of 
metallic  seals,  the  creep  behavior  and  the  elastic  recovery  are 
important. 

Currently  glass-ceramics  are  the  preferred  materials  in 
many  rigid  sealing  concepts  of  SOFC  stacks  [1-4].  They 
combine  moderate  sealing  loads  with  few  restrictions  in  stack 
design  and  provide  sufficient  gas  tightness  for  mid-term  stack 
operation  (several  1000  h).  The  thermal  expansion  coefficient 
(TEC)  of  glass-ceramics  can  be  adapted  to  other  stack  com- 
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ponents  by  controlling  the  phase  content  of  the  partially  crys¬ 
tallized  glass  and  enables  thermal  cycles  during  stack  oper¬ 
ation  with  moderate  heating  and  cooling  rates  [5].  However, 
glass-ceramics  are  disadvantageous  for  long-term  stack  op¬ 
eration.  Chemical  interaction  of  the  sealing  glass  with  the 
interconnect  steel  may  deteriorate  the  corrosion  resistance 
of  both  chromia- forming  as  well  as  alumina-forming  alloys 
[4].  The  inherent  brittleness  of  glass  ceramics  and  the  rigid 
bonding  of  the  stack  components  limits  the  compensation 
of  mechanical  and  thermal  stresses  and  promotes  growth  of 
defects  or  cracks  at  the  interconnect/glass-ceramic  interface. 
Due  to  the  stiff  stack  assembly,  the  reduction  of  mechanical 
or  thermal  stresses  by  elastic  or  plastic  deformation  or  by 
free  expansion  and  contraction  of  stack  components  is  ham¬ 
pered.  Furthermore,  a  non-destructive  dismantling  of  stacks 
to  replace  malfunctioning  components  is  impossible. 

To  overcome  the  disadvantages  of  sealing  systems  based 
on  glass-ceramics,  investigation  of  alternative  sealing  con¬ 
cepts  has  been  started.  Gosh  et  al.  [6-8]  proposed  a  ceramic 
sheet  as  a  sealing  component  consisting  of  randomly  orien¬ 
tated  fibres  of  various  oxides,  e.g.  AI2O3,  ZrC>2  or  TiC>2.  The 
interspace  between  the  fibres  was  filled  with  spheroidal  ce¬ 
ramic  particles  of  different  sizes,  and  an  organic  binder  was 
added.  A  pre-compression  of  the  compound  down  to  approx¬ 
imately  0.2  mm  was  found  to  be  necessary  before  use.  For 
the  same  purpose,  use  of  an  AI2O3  fleece  is  reported  [9]. 
The  elastic  sealing  component  tested  has  a  quadratic  geome¬ 
try  and  a  thickness  of  0.3  mm.  Along  the  sealing  planes  of  a 
stack  a  leakage  rate  of  less  than  2%  of  the  total  gas  flow  was 
measured. 

Compressive  single  layer  or  multi-layer  seals  have  been 
tested  in  a  few  studies.  Besides  the  use  of  metallic  gaskets, 
e.g.  as  sealants  in  a  single-cell  test  bed  [10],  systematic  in¬ 
vestigations  [11,12]  reveal  the  sealing  effect  of  muscovite 
and  phlogopite  mica  in  the  form  of  paper  or  single  crystal 
sheets  with  a  thickness  of  0.1  mm.  The  material  was  tested 
under  a  load  of  approximately  0.7  MPa  as  plain  mica  or  with 
a  glass-ceramic  interlayer  between  the  mica  and  the  material 
to  be  joined,  a  so-called  hybrid  design.  It  was  noticed  that 
the  leakage  rate  during  thermal  cycling  at  800  °C  decreases 
with  a  better  TEC  adaptation  of  the  seal  and  the  adjacent 
stack  components.  The  planar  orientation  of  single  crystal 


mica  platelets  provides  a  sealing  effect  that  is  superior  to  the 
three-dimensional  structure  of  paper  containing  flakes.  Novel 
investigations  deal  with  the  combination  of  mica  multilayer 
compressive  seals  with  two  thin  silver  layers  instead  of  the 
abovementioned  glass-ceramic  [13].  The  Ag/mica  showed 
good  thermal  cycle  stability  and  improved  leakage  behavior 
compared  to  the  corresponding  mica  seals  with  glass  inter¬ 
layers,  although  the  leakage  rates  were  enhanced. 

Preliminary  tests  with  commercial  sealing  components 
were  conducted  at  the  Institute  of  Materials  and  Processes 
(IWV)  of  Forschungszentrum  Jiilich.  Since  they  did  not  show 
a  load-deflection  behavior  suitable  for  SOFC  application, 
metallic  gaskets  tailored  to  the  planar  stack  design  were  de¬ 
veloped  by  an  embossing  technique.  The  latter  is  a  feasi¬ 
ble  and  cost-effective  production  route  [14].  To  improve  the 
mechanical  behavior  and  the  gas  tightness,  the  wave  crests 
were  filled  with  mica  powder  to  which  an  organic  binder  was 
added.  The  dependence  of  the  mechanical  properties  and  the 
leakage  behavior  of  these  compressive  seals  on  the  filling  ma¬ 
terial  as  well  as  the  relationship  between  the  TEC  of  the  adja¬ 
cent  materials  and  the  leak  rate  were  investigated  for  different 
geometries  (circular  and  quadratic).  The  tests  were  conducted 
in  contact  with  the  high-temperature-resistant  steels  and  the 
8YSZ  electrolyte  [15].  Aspects  of  TEC  mismatch  were  dis¬ 
cussed  together  with  the  surface  roughness  of  the  compressed 
components  and  the  material  degradation  by  chemical  inter¬ 
action  in  [16]. 

The  present  paper  focuses  on  a  characterization  of  alter¬ 
native  SOFC  sealing  materials  such  as  mica,  ceramic  fibre 
sheets,  embossed  metal  foils  and  combined  arrangements 
of  these  materials.  Creep  and  deformation  behavior  is 
addressed.  In  addition,  the  leakage  rates  are  measured  as 
a  function  of  compressive  load  in  a  test  rig.  A  sandwich 
arrangement  of  mica  paper  and  embossed  metal  foils  is 
described  with  which  the  leakage  rate  can  be  clearly  reduced. 
Finally,  first  results  of  a  stack  leakage  test  are  described. 

2.  Experimental 

The  data  of  all  materials  used  in  this  investigation  are  sum¬ 
marized  in  Table  1 .  Different  sealing  concepts  based  on  these 


Table  1 


Starting  materials  used  in  this  investigation 


Component 

Material 

Trade  name  and  manufacturer 

Further  processing 

Metal  sheet 

FeCrAlY-alloy  1.4767  thickness 

0.2  mm 

Aluchrom  Y  Hf  ThyssenKrupp, 

Germany 

Embossing  with  80  kN,  laser  cutting 

Mica  powder 

Phlogopite  powder  dio  =  12  pan  dso 
=  44  pan  dgo  =  82  pan 

Suzorite  200  S  Suzorite  Mica  Prod. 

Inc.,  Canada 

Mixing  with  organic  binder,  Filing 
the  paste  in  the  wave  crests 

Mica  paper 

Natural  mica  with  binder  thickness 

1  mm 

Statotherm-HT  Burgmann,  Germany 

Laser  cutting 

Mica  paper  with 
metallic  inlay 

Vermiculite  mica  with  binder  and 
metallic  inlay  (1.4401)  thickness 

1  mm 

Thermiculite  815  Flexitallic,  UK 

Laser  cutting 

Ceramic  paper 

Al203-Si02  fibres  0  2. 0-3.0  pan 
thickness  2  mm 

FibrePap  Schupp  Industrie-keramik, 
Germany 

Conventional  cutting 
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Fig.  1.  Schematic  drawings  of  different  compressive  sealing  concepts:  (a)  corrugated  metal  sheet  with  filled  with  mica  paste;  (b)  sandwich  arrangement  of  mica 
paper  and  metal  sheet;  (c)  plain  mica  paper. 


materials  were  tested  (Fig.  1).  As  already  reported  elsewhere 
[14],  metallic  profiles  with  embossed  wave  crests  are  easy 
to  manufacture.  To  reduce  their  inherent  affinity  to  creep  un¬ 
der  SOFC  conditions,  the  wave  crest  was  filled  with  mica 
powder  (Fig.  la).  A  further  improvement  of  creep  resistance 
was  expected  by  replacing  the  loose  powder  particles  with 
a  flat  compressive  inlay  made  of  mica  paper.  Its  enhanced 
elasticity  is  achieved  by  the  layerwise  arrangement  of  single 
mica  platelets.  The  geometry  of  the  composite  seal  had  to 
be  adapted  to  the  flat  inlay  (Fig.  lb).  To  improve  gas  tight¬ 
ness,  the  embossed  top  sheet  and  the  flat  bottom  sheet  were 
welded  by  laser.  For  comparison,  plain  mica  paper  and  plain 
ceramic  paper,  as  another  candidate  filler  material,  were  ap¬ 
plied  (Fig.  lc).  Fig.  2  shows  the  microstructure  of  both  filler 
materials. 

2.7.  Compression  test  of  sealing  components 

To  study  the  deformation  behavior  of  the  sealing  con¬ 
cepts  at  room  temperature  and  SOFC  operating  temperature 
(800  °C),  rectangular  sheets  (25mm  x  25  mm)  of  each  seal¬ 
ing  material  were  prepared.  The  specimens  were  loaded  under 
compression  in  an  INSTRON  1362  high-temperature-testing 
machine.  Starting  the  test  with  a  pre-load  of  20  N,  the  sam¬ 
ples  were  compressed  at  50N/min  to  900  N  (1.4  MPa)  and 
subsequently  unloaded  at  200  N/min.  The  loading-unloading 
cycle  was  repeated  at  least  once,  in  some  cases  up  to  4  times. 
Residual  stresses  partially  influenced  the  determination  of  the 


irreversible  plastic  deformation.  In  the  case  of  mica  paper, 
an  elastic  spring-back  after  unloading  was  observed.  There¬ 
fore,  the  elastic  recovery  was  determined  between  the  maxi¬ 
mum  applied  load  of  900  N  and  an  abitrarily  defined  low  load 
of  50  N.  The  irreversible  plastic  deformation  was  estimated 
from  a  load  of  20  N.  With  respect  to  the  influence  of  tem¬ 
perature  on  the  deformation  behavior,  all  tests  were  carried 
out  at  room  temperature  and  at  SOFC  operating  temperature 
(800  °C)  in  air.  In  the  high- temperature  test  the  samples  were 
heated  up  to  800  °C  at  a  rate  of  8  K/min.  The  creep  behav¬ 
ior  of  the  sealing  materials  was  monitored  under  a  force  of 
900  N  at  800  °C  at  a  compression  load  rate  of  50  N/min.  This 
compression  load  was  maintained  for  at  least  1 .5  h,  during 
this  period  the  deformation  behavior  was  recorded.  There¬ 
after  the  samples  were  unloaded  at  200  N/min. 

2.2.  Leakage  test 

The  measurement  of  load  and  related  leakage  was  carried 
out  simultaneously  in  a  simple  test  facility  [14,15].  Square 
seals  with  an  outer  geometry  of  46mm  x  46  mm  were  tested. 
All  gaskets  were  placed  between  two  faces  of  a  mould,  ma¬ 
chined  from  the  interconnect  steel  1 .4742.  An  additional  bot¬ 
tom  part  of  the  mould  was  machined  to  mount  an  SOFC 
cell  with  a  size  of  50mm  x  50  mm.  This  assembly  was  used 
to  simulate  the  sealing  between  interconnect  and  electrolyte 
of  the  SOFC.  The  complete  device  was  mounted  in  a  fur¬ 
nace  and  loaded  by  hydraulic  pistons.  The  test  arrangement 


Fig.  2.  Microstructure  of  filler  materials:  (a)  mica  paper  (Thermiculite  815);  (b)  ceramic  paper  (FibrePap). 
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Fig.  3.  Testing  device  for  square  model  geometries. 


is  shown  in  Fig.  3.  All  experiments  were  conducted  under 
load  control  (maximum  load  10  kN).  An  absolute  internal 
pressure  of  1500  mbar  (0.15  MPa)  was  built  up  with  argon 
gas.  This  value  exceeds  the  pressure  under  real  SOFC  stack 
conditions,  where  an  absolute  pressure  between  1050  and 
1200  mbar  is  commonly  used.  The  leakage  was  determined 
by  a  conventional  flow  meter.  The  detection  limit  of  the  flow 
meter  was  1  ml/min,  which  corresponds  to  a  leakage  rate  of 
<1  x  10  4  mbar  1/s  mm  for  the  given  pressure  and  a  sealing 
length  of  1 84  mm.  To  simplify  the  comparison  between  seal¬ 
ing  loads  of  different  sealing  concepts,  a  standardized  load 
related  to  the  sealing  length  is  given  (unit  N/mm).  For  flat 
seals,  also  the  area  load  is  considered  (unit  MPa). 

All  compressive  seals  were  examined  following  the  stan¬ 
dardized  test  performance.  After  mounting  the  compression 
rig  with  the  specimen  in  the  tube  furnace  a  pre-load  force 
of  F  =  0.12kN  and  an  absolute  pressure  of  p  -  1500  mbar 
(0.15  MPa)  was  applied.  Then  the  furnace  was  heated  up  to 
800  °C  at  a  heating  rate  of  10  K/min.  After  a  holding  time  of 
1  h  an  increase  of  the  compression  load  in  steps  of  0.5  kN  was 
repeated  until  the  gas  flow  <1  ml/min  was  detected.  The  test 
device  was  maintained  under  these  conditions  for  a  period  of 
15  h.  The  following  unloading  procedure  was  conducted  with 
a  stepwise  decrement  of  0.5  kN  until  a  gas  flow  >  1  ml/min  was 


indicated.  Subsequently,  the  furnace  was  switched  off.  The 
specimen  was  taken  out  at  room  temperature. 

2.3.  Preliminary  stack  test 

A  leakage  test  bed  for  planar  SOFC  stacks  was  constructed 
(Fig.  4).  It  is  designed  to  make  quantitative  analyses  of  leak¬ 
age  currents  in  SOFC  stacks  between  the  anode  and  the  cath¬ 
ode  gas  circuits  and  between  both  circuits  and  the  surrounding 
atmosphere  by  mass  spectroscopy.  Therefore,  air  as  the  oxi¬ 
dant  and  varying  compositions  of  Ar/H2  as  the  fuel  were  fed 
in,  controlled  by  flow  rate  and  temperature.  All  gases  can  be 
mixed  with  He  as  an  optional  tracer  gas.  Systematic  test  series 
are  under  way  characterizing  and  comparing  different  sealing 
concepts  for  planar  SOFC  stacks  by  mass  spectroscopy.  To 
accomplish  this,  the  gas  compositions  before  and  after  both 
gas  circuits  were  measured  separately  at  four  independent 
control  points.  A  general  pre-condition  for  the  quantitative 
evaluation  of  leakage  currents  is  a  sufficient  gas  tightness 
of  the  complete  test  bed  including  all  valves  and  measuring 
devices.  In  addition,  a  small  gas  flow  from  the  different  mea¬ 
surement  sites  of  the  gas  mains  to  the  mass  spectrometer  has 
to  be  assured.  This  provides  constant  stack  operating  con¬ 
ditions  during  the  measurement  of  the  gas  compositions.  At 
the  gas  inlet  gas  flow  is  limited  to  120 1/h  at  a  maximum  tem¬ 
perature  of  about  100  °C  (fuel)  and  an  absolute  pressure  of 
1600  mbar.  The  test  bed  is  connected  to  a  clamshell  furnace 
housing  the  stack,  which  can  be  heated  up  to  1100°C.  The 
stack  is  loaded  up  to  1500  kg  by  a  level  system  outside  the 
furnace  to  determine  the  influence  of  the  applied  load  on  the 
gas  tightness.  At  the  moment,  the  test  rig  is  not  designed  for 
electrochemical  testing  of  the  stack. 

Considering  the  results  of  the  deformation  and  leakage 
tests,  a  stack  based  on  the  Jiilich  standard  design  was  modified 
for  the  application  of  compressive  seals.  Fig.  5  shows  where 
the  sealings  were  located  in  this  stack.  The  flat  seal  made  of 
the  embossed  metallic  sheet  combined  with  mica  paper  as 


Ar  +  4%  H2 
He 

air 


furnace  with 
N2  atmosphere 


M2  moisturizer 
(-H20) 


freezer  M5 


Fig.  4.  Testing  device  for  planar  SOFC  stacks. 
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Fig.  5.  Position  of  seals  in  the  modified  Julich  design.  Seal  1:  sandwich 
arrangement  metallic  sheets  with  mica  paper,  seal  2:  plain  mica  paper. 


Fig.  6.  Loading-unloading  cycles  of  mica  paper  with  metallic  inlay  (Ther- 
miculite  815™)  at  room  temperature. 


inlay  was  used  to  separate  the  anode  and  cathode  gas  circuits 
(Fig.  5,  — >►  seal  1).  For  sealing  the  air  manifold  (— >  seal 
2)  plain  mica  paper  (Thermiculite  815)  was  chosen,  which 
was  cut  by  laser  to  the  final  dimensions.  Before  mounting 
the  stack,  the  mica  paper  was  precompacted  to  a  height  of 
0.8  mm  to  avoid  excessive  deformation  during  stack  loading. 
The  application  of  metallic  seals  was  restricted  to  seal  2  to 
avoid  short  circuits  between  adjacent  interconnects. 

The  stack  was  mounted  in  the  test  rig  and  then  loaded  with 
400  kg  (~0.8MPa  relative  to  the  area  of  the  flat  seals).  The 
stack  was  heated  to  790  °C  at  10  K/min.  Then,  air  (20.9  vol.% 
O2, 78. 1  vol.%  N2, 0.9  vol.%  Ar)  was  fed  through  the  cathode 
gas  circuit.  For  the  anode  circuit,  96  vol.%  Ar  with  4  vol.% 
H2  was  used.  To  achieve  a  quantitative  analysis  of  the  leak¬ 
age,  the  fuel  gas  was  doped  with  helium  resulting  in  the  gas 
composition  of  48.9  vol.%  Ar,  2.0  vol.%  H2,  49.1  vol.%  He. 
The  stack  was  operated  for  1 1  days  under  constant  condi¬ 
tions  afterwards  the  load  was  varied  to  50  kg  (~0.1MPa), 
again  400  kg  (~0.8  MPa)  and  at  least  1490  kg  (~2.9MPa) 
while  keeping  the  gas  flow  constant.  To  determine  the  leak¬ 
age  current,  the  gas  composition  of  the  fuel  gas  outlet  was 
analysed.  After  cooling  down  to  room  temperature,  the  stack 
was  unloaded  and  then  demounted  for  post-operational  char¬ 
acterization. 


3.  Results 

3.1.  Compression  behavior  of  sealing  components 

The  load-deflection  curves  of  mica  paper  with  metallic 
inlay  at  room  temperature  demonstrate  the  characteristic  be¬ 
havior  of  compressive  seals  (Fig.  6).  The  strong  irreversible 
plastic  deformation  during  the  first  cycle  is  mainly  caused  by 
flattening  of  the  specimen,  followed  by  comparatively  small 
elastic  recovery  (Table  2).  The  plastic  deformation  during 
further  cycles  decreases,  but  the  elasticity  seems  to  stay  al¬ 
most  constant  during  unloading.  Only  a  slight  reduction  of 
the  elastic  recovery  of  about  1-2  [xm  per  cycle  was  observed. 
Considering  the  high  plastic  deformation  during  the  first  cy¬ 


cle  a  pre-compression  of  the  seals  before  application  in  a 
stack  is  advised. 

Creep  of  the  metals  in  the  sealing  composites  is  observed 
during  the  experiments  under  constant  load  at  SOFC  operat¬ 
ing  temperature  (800  °C).  Regarding  the  limited  test  period 
of  maximum  24  h,  only  an  estimation  of  the  deformation  po¬ 
tential  is  given.  Corresponding  to  the  load-deflection  curves, 
the  corrugated  profile  of  the  ferritic  steel  is  more  susceptible 
to  creep.  An  irreversible  plastic  deformation  of  about  50% 
of  the  initial  height  was  already  measured  after  3  h  (Fig.  7a, 
curve  I).  Mica  powder  as  a  filler  of  the  corrugations  clearly 
reduces  the  creep  without  preventing  it  (Fig.  7a,  curve  II). 
In  contrast  to  the  metallic  profiles,  the  creep  of  mica  paper 
almost  saturates  at  a  constant  value  after  1  h  (Fig.  7b).  In  the 
presence  of  a  metallic  inlay  the  creep  resistance  of  mica  paper 
is  reduced  (Fig.  7c),  and  even  after  20  h  progressing  creep  is 
observed. 

Equally  important  for  practical  application  is  the  elastic 
recovery  during  unloading.  The  corrugated  profile  made  of 
ferritic  Aluchrom  Y  Hf™  alloy  (height  1  mm)  shows  an  elas¬ 
tic  recovery  of  approximately  2  |xm  at  800  °C  (Fig.  8a),  com¬ 
pared  to  ~19  [xm  at  room  temperature.  As  profile  filler,  mica 
powder  slightly  improves  the  elastic  effect  up  to  ^8  pan  (not 
shown  here).  The  elastic  behavior  of  mica  paper  is  by  far 
superior  to  metallic  seals.  This  material  has  an  even  higher 
recovery  at  SOFC  operating  temperature  (^57  |xm,  Fig.  8b) 
than  at  room  temperature  (~40  |xm).  The  decrease  in  the  elas¬ 
ticity  of  mica  paper  with  metallic  inlay  was  expected  from 
the  proceeding  creep  under  constant  load  (Fig.  7c).  There- 

Table  2 


Plastic  deformation  and  elastic  recovery  of  mica  paper  with  metallic  inlay 
depending  on  the  number  of  loading-unloading  cycles  at  room  temperature 


Plastic  deformation  (|xm) 

Elastic  recovery  ([xm) 

1st  cycle 

225 

29.8 

2nd  cycle 

37 

27.8 

3rd  cycle 

14 

26.8 

4th  cycle 

14 

26.4 

5th  cycle 

13 

25.4 

£303 
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Fig.  7.  Creep  deformation  of  sealing  materials  at  800  °C  (a)  I:  corrugated 
profile,  made  of  ferritic  steel  Aluchrom  Y  Hf™,  II:  corrugated  profile,  filled 
with  mica;  (b)  mica  paper  (Statotherm);  (c)  mica  paper  with  metallic  inlay 
(Thermiculite  815). 

fore,  the  elastic  recovery  was  reduced  to  ^30  jxm  (Fig.  8c). 
Nevertheless,  this  type  of  mica  paper  was  preferred  for  the 
stack  test  due  to  the  fact  that  metallic  inlays  remarkably  en¬ 
hance  the  stability  of  mica  papers  because  flaking  of  mica 
particles  is  prevented  during  long-term  operation.  Ceramic 
papers  were  found  to  be  less  attractive  for  SOFC  applica¬ 
tions  because  of  their  high  irreversible  deformation  (>50%) 
combined  with  comparatively  low  elasticity  (elastic  recovery 
~20  pan  at  a  starting  height  of  2  mm). 

3.2.  Leakage  tests 

Fig.  9  shows  the  load-dependent  leak  rate  of  a  corrugated 
profile  made  of  Aluchrom  Y  Hf  filled  with  mica  powder.  At 


Fig.  8.  Deformation  and  elastic  recovery  of  sealing  materials  at  800  °C:  (a) 
corrugated  profile,  made  of  ferritic  steel  Aluchrom  Y  Hf,  height  1  mm;  (b) 
mica  paper  (Statotherm,  thickness  1  mm);  (c)  mica  paper  with  metallic  inlay 
(Thermiculite  815,  thickness  1  mm). 

16.3  N/mm  the  flow  rate  drops  below  the  detection  limit  cor¬ 
responding  to  a  leak  rate  <1  x  10~4  mbar  1/s  mm.  After  16  h, 
the  reduction  of  the  load  to  2.7  N/mm  shows  no  increase  of 
the  leakage.  The  rate  only  increases  after  complete  unload¬ 
ing.  This  favorable  leakage  behavior  might  be  attributed  to 
similar  material  properties  of  the  adjacent  components  or  the 
development  of  interfacial  layers.  A  further  load-dependent 
leakage  test  was  conducted  with  the  sealing  component  in 
contact  with  the  electrolyte.  No  damage  occurred  to  the  SOFC 
under  the  test  load  scheme. 
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Fig.  9.  Sealing  behavior  of  corrugated  profile  (Aluchrom  Y  Hf),  filled  with 
mica  powder,  sealing  between  1.4742  and  electrolyte  of  SOFC  at  800  °C. 
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Fig.  10.  Sealing  behavior  of  mica  paper  with  metallic  inlay  (Thermiculite 
815)  at  800  °C. 

In  the  leakage  tests  with  mica  paper  higher  sealing  loads 
up  to  54  N/mm  (~15  MPa)  had  to  be  applied,  but  the  impact 
of  gas  tightness  was  very  small  (Fig.  10).  A  clear  improve¬ 
ment  of  the  sealing  behavior  was  achieved  when  the  mica 
paper  was  sandwiched  between  metallic  sheets  (Fig.  1 1).  Us¬ 
ing  this  sandwich  arrangement  the  detection  limit  was  already 
reached  at  a  compression  load  of  2.7  N/mm  (~0.7  MPa).  Al- 
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Fig.  11.  Sealing  behavior  of  composite  seal,  made  of  a  flat  metallic  sheet 
(Aluchrom  Y  Hf)  supported  by  mica  paper  at  800  °C. 


Fig.  12.  Thermal  cycling  of  corrugated  profile  (Aluchrom  Y  Hf)  between 
800  °C  and  room  temperature  under  constant  load  of  3  kN,  profile  filled  with 
mica  powder,  sealing  between  1.4742  and  electrolyte  of  SOFC. 

though  the  number  of  leakage  tests  is  still  limited  and  further 
reproduction  experiments  are  required,  the  results  indicate  the 
promising  potential  of  the  sandwich  arrangement.  Gas-tight 
sealing  of  SOFC  stacks  at  acceptable  loads  was  expected. 

Despite  the  results  of  the  test  with  permanent  load,  gas 
leakage  was  observed  during  thermal  cycling  of  corrugated 
profiles  filled  with  mica  powder  (Fig.  12).  TEC  deviations 
probably  cause  the  leak  rates  by  shear  displacement  along 
the  contact  areas.  In  the  present  investigation,  the  TEC  of  the 
testing  tool  (steel  1.4742)  is  ao-800°c  =  12.5  x  10-6K-1, 
of  the  corrugated  seal  (Aluchrom  Y  Hf)  ao-800°c  =  14.3  x 
10-6  K-1  and  of  the  electrolyte  of  SOFC  (8  YSZ)  ao-800°c 
=  10.5  x  10~6  K-1.  Thus,  the  matching  of  TECs  seems  to 
be  very  important.  For  further  attempts,  the  application  of 
metallic  sheets  made  of  the  interconnect  steel  is  advisable  to 
reduce  the  TEC  mismatch. 

3.3.  Preliminary  stack  test 

Fig.  13  shows  the  stack  after  post-operational  demount¬ 
ing.  The  mica  paper  used  for  the  sealing  of  the  air  manifold 
adhered  strongly  to  the  interconnects  leading  to  destruction 
of  the  seal.  Therefore,  a  complete  recycling  of  all  stack  com¬ 
ponents  does  not  appear  to  be  possible  with  this  design.  The 
anode  and  cathode  side  of  the  SOFC  after  operation  are  shown 
in  Fig.  14.  Obviously,  it  was  not  possible  to  reduce  the  NiO  of 
the  anode  cermet  to  metallic  Ni  under  the  given  conditions. 
Only  a  slight  color  change  was  found  near  the  fuel  gas  inlet 
(Fig.  14a).  The  reason  for  this  behavior  is  thought  to  be  the 
high  leakage  rate  of  the  plain  mica  paper  used  for  sealing  the 
air  manifold.  As  indicated  by  preliminary  experiments,  even 
the  maximum  stack  loading  of  1490  kg  (~2.9  MPa)  was  not 
enough  to  ensure  sufficient  gas  tightness.  As  a  consequence, 
the  amount  of  H2  in  the  fuel  gas  was  completely  oxidized 
immediately  after  flowing  into  the  anode  circuit.  This  as¬ 
sumption  was  supported  by  data  from  mass  spectroscopy  on 
the  fuel  gas  outlet  (Table  3),  where  H2  was  no  longer  de¬ 
tected.  The  gas  composition  at  the  fuel  outlet  also  indicated 
that  a  leakage  flow  of  approximately  10%  from  the  air  to 
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Fig.  13.  Stack  with  compressive  seals  after  testing  its  gas  tigthness. 


Fig.  14.  SOFC  after  testing  in  a  stack  with  compressive  seals:  (a)  anode  side;  (b)  cathode  side. 


Table  3 


Composition  of  fuel  gas  before  injection  and  after  passing  through  the  stack 
with  compressive  seals 


Fuel  gas  inlet  (vol.%) 

Fuel  gas  outlet  (vol.%) 

Ar 

48.9 

51.0 

He 

49.1 

37.0 

h2 

2.0 

— 

n2 

— 

10.4 

the  fuel  gas  manifold  had  taken  place.  This  result  was  only 
marginally  influenced  by  varying  the  stack  loading  in  the 
range  of  50-1490  kg. 

As  a  promising  result,  the  SOFC  was  able  to  withstand 
even  the  highest  load  without  damage.  Under  this  load,  a  se¬ 
vere  plastic  deformation  of  the  compressive  seals  was  found, 
reducing  the  height  of  the  mica  paper  from  0.8  to  0.6  mm. 
Consequently,  clearly  pronounced  fingerprints  of  the  Ni  mesh 
on  the  anode  side  (Fig.  14a)  as  well  as  the  gas  channels  on  the 
cathode  side  (Fig.  14b)  indicates  an  enhanced  electrical  con¬ 
tact  compared  to  conventional  stacks  sealed  with  rigid  glass 
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ceramics.  Additional  elctrochemical  tests  are  necessary  to 
demonstrate  this  improvement.  However,  in  order  to  perform 
these  tests  the  leakage  rate  of  the  mica  paper  must  be  reduced, 
for  example  by  introducing  a  soldering  glass  or  metal  as  pro¬ 
posed  by  PNNL  [11-13].  Corresponding  attempts  are  under 
way. 

4.  Conclusions 

Compressive  seals  with  a  metal-mica  arrangement  provide 
a  high  potential  for  SOFC  application  avoiding  the  inherent 
drawbacks  of  glass-ceramics.  For  that  purpose  metallic  seals, 
mica  paper  and  combined  arrangements  of  these  materials 
were  investigated  under  SOFC  operating  conditions. 

Corrugated  metallic  seals  achieving  a  leak  rate  of  <1 
x  10~4  mbarl/smm  at  an  adequate  compression  force  of 
16  N/mm  seem  to  be  promising  for  SOFC  requirements.  The 
insufficient  spring-back  effect  of  <0.2%  and  their  strong  sus¬ 
ceptibility  to  creep  require  the  use  of  appropriate  filler  mate¬ 
rials. 

Plain  mica  paper  exhibits  the  highest  elastic  recovery 
of  about  5.8%,  but  a  detectable  improvement  in  gas  tight¬ 
ness  does  not  take  place  before  a  very  high  level  of  com¬ 
pression  load  of  more  than  50  N/mm  (15  MPa)  is  applied. 
Mica  paper  is  less  stable  under  high  temperature  conditions 
after  the  binder  has  been  burnt  off  due  to  the  flake-like 
structure  of  the  material.  This  disadvantage  is  compensated 
by  the  use  of  commercial  mica  paper  with  a  thin  metal¬ 
lic  inlay,  which  improves  the  durability  during  long-term 
operation. 

A  sandwich  arrangement  of  mica  sheet  embedded  between 
embossed  metallic  profiles  was  found  to  be  the  most  suitable 
combination.  At  a  compression  load  of  2.7  N/mm  (0.7  MPa) 
the  flow  rate  dropped  below  the  detection  limit  of  the  testing 
device.  However,  it  has  to  be  considered  that  this  seal  is  not 
suitable  for  sealing  the  manifolds  between  adjacent  intercon¬ 
nects  due  to  the  occurrence  of  short  circuits. 

Leakage  investigations  on  complete  SOFC  stacks  were 
performed  in  a  test  bed  where  leak  rates  in  and  between 
the  gas  circuits  of  the  anode  and  cathode  side  can  be  ana¬ 
lyzed  by  differential  mass  spectroscopy.  A  planar  stack  based 
on  the  Jiilich  standard  design  was  modified  for  the  applica¬ 
tion  of  compressive  seals.  While  the  air  manifold  was  sealed 
with  plain  mica  paper,  a  composite  seal  consisting  of  a  sand¬ 
wich  arrangement  of  a  mica  paper  between  embossed  metal¬ 
lic  sheets  was  used  between  the  interconnect  and  the  SOFC 
itself.  As  already  indicated  by  preliminary  leakage  tests,  the 
gas  tightness  of  the  plain  mica  paper  was  not  sufficient  for 
successful  stack  operation.  Nevertheless,  the  compressibil¬ 
ity  of  the  seals  combined  with  the  ability  of  the  SOFC  to 
withstand  loads  on  the  stack  of  up  to  2.5  MPa  without  fail¬ 
ure  was  found  to  be  promising  by  improving  the  electrical 
contact  compared  to  conventional  stacks  sealed  with  rigid 


glass-ceramics.  Attempts  to  optimize  the  presented  sealing 
concept  are  under  way. 
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